Abstract-We present a quad-ridge horn antenna as a feed for a reflector antenna for use in radio astronomy applications. The antenna uses elliptically shaped sidewalls to limit the variation of beamwidth over a wide frequency range and to obtain greater radiation pattern rotational symmetry. The antenna is dual-polarized and matched over more than a 4:1 bandwidth. A design procedure is presented and a prototype designed according to this procedure is shown. Measured and simulated results of the prototype agree with each other well. The antenna is analyzed with a prime focus reflector to determine the range of efficiencies that can be expected.
Quad-Ridge Horn Antenna With Elliptically Shaped Sidewalls I. INTRODUCTION
T HE square kilometer array (SKA) [1] is a radio astronomy project, aiming at developing and constructing a telescope with 50 times more sensitive than any current telescope, by using approximately 3000 reflector antennas in the high frequency band of 1-10 GHz. Existing wide band reflector antenna feeds are incapable of achieving the required sensitivity over the bandwidth of the SKA. New wide band feeds are thus being developed to attain high sensitivity over wide bandwidths. Efforts to this end include using non-planar log periodic antennas-such as for the Allen Telescope array feed [2] . These antennas can be well matched and have desirable radiation patterns but are limited by a shifting phase center. The shifting phase center can be avoided by placing such an antenna above a ground plane-although this makes the antenna much harder to match, the quasi-self-complementary (QSC) [3] and inverted conical sinuous above a ground plane [4] are examples of such antennas. Another example of wide band feed development is the Eleven antenna which is based on a cascade of dipoles above a ground plane [5] .
Quad-ridge horn antennas can obtain large bandwidths and are dual polarized-and as such are also being investigated as possible wide-band radio astronomy feeds [6] , [7] . However, as an aperture type antenna the expected variation of the beamwidth of a quad-ridge horn is inversely proportional to the aperture size in wavelengths [8] , [9] . This makes the antennas less suitable for reflector antenna feeds in cases, such as radio astronomy, where high aperture efficiency over a wide band is required.
Current quad-ridge horn antennas are also typically not adequately matched for radio astronomy applications. This is due to the fact that these antennas are designed for maximum impedance bandwidth [6] , [7] , a comparison between a quad-ridge [10] horn and an Eleven antenna is presented in [11] .
Elliptically shaped waveguide horn antennas and TEM horn antennas have been demonstrated to have beamwidths that vary little with frequency [12] , [13] . Waveguide horns, however have limited bandwidth while TEM horns are limited to a single polarization.
Applying elliptically shaped sidewalls to a quad-ridge horn antenna can result in a much larger bandwidth while the radiation pattern is improved by the addition of the shaped sidewalls as has recently been demonstrated [14] , [15] .
Developing a quad-ridge horn antenna with shaped sidewalls for a smaller bandwidth compared to existing quad-ridge horn antennas could thus result in a feed antenna that is adequately matched, with beamwidths suitable for attaining high aperture efficiency over significantly more than an octave bandwidth (as is typically achieved by corrugated horns).
Another factor that is considered is whether the antenna design can be adapted to achieve a range of dB beamwidths. Designs for new radio astronomy telescopes are investigating the use of different reflector configurations, such as prime focus or offset Gregorian [16] , [17] . These require different edge illuminations-having a feed antenna that can be designed to achieve a range of beamwidths would be advantageous.
Measured results are presented that indicate the radiation patterns that were achieved including the cross-polarization in the 45 plane. The phase centre position of the antenna prototype was also evaluated. The aperture efficiency of the feed when used as a prime focus reflector antenna feed was analysed to gain an understanding of the efficiency levels that can be expected when using this antenna. The various efficiency factors when used as a reflector antenna feed, such as spillover, phase, cross-polarization, and taper efficiency, are calculated [18] .
II. ANTENNA MODELLING
The quad-ridge horn antenna with shaped sidewalls was modeled using FEKO [19] a commercial MoM solver. The antenna was fed using an SMA coaxial connector. The model was fully parametric-allowing changes in the geometry of the model to be easily implemented.
0018-926X/$31.00 © 2013 IEEE The antenna model included both orthogonal ports, the feed pins need to cross the gaps between the ridges and as such cannot transition at the same point. The use of symmetry in the solution was thus not possible. The transition from SMA connector to an airline was also included-although the characteristic impedance of the two lines are the same the change in the physical size of the coaxial connectors could result in deteriorated VSWR due to the physical discontinuity, this step (the inner and outer conductor is stepped smaller) can be seen in Fig. 2 . The dielectric of the SMA connector was modeled using the surface equivalence principle [19] .
The ridges and the back cavity as well as the flared section of the ridges were optimized to provide a good match to a 50 coaxial line. Such low impedance could only be achieved by using a waveguide that has a small gap between opposing ridges. The small ridge gap was realized by using chamfered ridges. The feed area is shown in Fig. 2 . The closely spaced ridges allowed the antenna to be well matched to the 50 line over a wide bandwidth.
III. PARAMETRIC STUDY
The parametric model of the quad-ridge antenna was used to conduct a parametric study to investigate how different parameters affect the performance of the antenna. The antenna can be divided into two sections, the waveguide transition, a transition from coaxial line to quad-ridge waveguide that included parameters such as the quad-ridge waveguide size, shape, ridge thickness, ridge gap and distance to the backshort and the horn flared section that includes the ridge profile and the sidewall parameters.
As expected, waveguide parameters have little effect on the radiation patterns. The exception to this was that the backshort and waveguide parameters controlled higher order mode propagation. These areas thus had to be designed with care so that wide bandwidth can be obtained. The impedance characteristics were also determined to a large extent by this section of the antenna.
Parameters in the flare section mainly determined the radiation characteristics of the antenna. The most effective control over the beamwidth could be obtained by manipulating the profile of the elliptically shaped horn section. The elliptical shape of the antenna was modified by changing the ratio between the length of the horn and the width of the aperture as demonstrated in Fig. 3 .
Other parameters also affected the beamwidth but the control over beamwidth was limited and changes to these parameters, such as the ridge profile, tended to also strongly affect the impedance matching.
Designing coaxial to quad-ridge waveguide transitions that obtain a good impedance match has been well documented and a wide band impedance match can be obtained by modifying parameters in the waveguide section such as the ridge gap and the ridge width [20] , [21] . Another factor that was considered is how well the antenna can be designed to achieve a specific beamwidth. Table I demonstrates that a wide range of reasonably constant beamwidths could be achieved for different ratios between the aperture diameter and the horn length for elliptically shaped quad-ridge horn antennas.
Quad-ridge horn antennas that are well matched and have 10 dB beamwidths of between 60 and 90 degrees could be obtained using this method. It can be seen in Table I that the ratio has a large effect on the average beamwidths and that certain combinations of ratio and aperture size resulted in E-and H-plane beamwidths that are closer together.
IV. ANTENNA DESIGN AND MANUFACTURING
The results of the parametric study were used to design a prototype antenna. The prototype was designed for a shaped sub-reflector antenna that required a feed taper of 17 dB at 50 degrees. The approximate elliptical profile ratio required for this beamwidth level was obtained from the parametric study. This ratio was then fine-tuned to obtain the required beamwidth. The size of the aperture is then adapted to reduce the variation in beamwidth level and obtain patterns that have similar E-and H-plane beamwidths as in Table I .
The design of the prototype antenna is shown in Fig. 1 and 4 . The antenna has a maximum diameter of 480 mm with a total length of 585 mm. The large size is due to the high gain (narrow beamwidth) that is required and the low frequency.
The sidewall was machined in a number of inter-locking aluminium sections. The sections slotted together and were held in position by the four ridges. Each section bolted to the ridges and due to the curvature of the sidewall and ridges the sections were held tightly in position. The ridges also slotted and bolted into the conical backshort to ensure symmetry at the feed point of the antenna. The outer profile of the antenna was designed to improve manufacturability, only the first stepped section was modeled as this had the greatest effect on the radiation pattern-beyond this the outer profile had very little effect. The gaps between sections were also modeled to ensure that manufacturing the sidewall in sections did not impact on the performance of the prototype. It was found that gaps of up to 0.5 mm have little effect on the antenna performance. An exploded view of the assembly of the antenna is shown in Fig. 4 , indicating how the various parts are assembled. 
V. RESULTS
The antenna voltage standing wave ratio (VSWR) and coupling were measured using an HP 8510 vector network analyser. The measured VSWR of the antenna is compared to simulated results in Fig. 5 .
The measured and simulated results agree reasonably well. The measured results did not quite achieve the low predicted reflection coefficient, but followed the same trend as the simulated results. The reflection coefficient of port 1 was better than 1.5:1 for the 4:1 band while port 2 had a maximum value of just more than 1.5:1 in this band with values significantly below 1.5:1 for a large portion of the band. The antenna is also well matched over more than a 4:1 band (0.75 to 3 GHz).
The VSWR measurements showed that the feed region of the antenna-the transition from SMA to air-line dielectric, and the connection of the feed pin to the connector strongly influenced the measurements. Obtaining good positive contact between the feed pin and the connector receptacle was essential to achieving good return loss across the band. Good contact between the sidewall and the connector outer was also required to ensure good return loss. The antenna feed section thus has to be assembled with a great care. The measured and simulated coupling between orthogonal ports is shown in Fig. 6 . The measured coupling between ports was lower than dB. The measured boresight gain of the antenna is compared to the simulated gain in Fig. 7 . The measured and simulated gain show good agreement with less than 1 dB deviation from the predicted level up to 3 GHz. The measured and simulated 10 dB beamwidths are compared in Fig. 8 . The measured and simulated results show excellent agreement the largest error being smaller than 6 . The beamwidth is reasonably constant across the band of interest and the principal plane beamwidth are also close (with a maximum difference of 14 up to 3 GHz) indicating a reasonably rotationally symmetrical radiation pattern. The radiation patterns are shown on the following two pages for a number of frequencies. As the radiation patterns of the two ports closely matched each other the results are shown only for port 1. The principle plane patterns and 45 degree plane co-and cross polarization is shown.
The cross polarization is shown only in the 45 degree plane as it tends to be a maximum there. The measured and simulated radiation patterns of the antenna are shown in Figs. 9 and 10 from 0.75 to 3 GHz.
VI. REFLECTOR ANTENNA ANALYSIS
As a reflector feed the antenna has to be capable of using the available surface of the reflector with high efficiency while limiting radiation past the dish edge, which is especially undesirable in radio astronomy as it causes an increase in noise temperature.
The efficiency of the antenna when used as a reflector feed was estimated using a prime focus reflector antenna configuration. The reflector aperture efficiency is calculated using two methods. The simulated radiation patterns are integrated to calculate the efficiencies and the reflector antenna is analyzed using hybrid Method of Moments-Physical Optics (MoM-PO), in FEKO, with the aperture efficiency of the reflector being calculated from the gain. Coupling between the MoM and PO solutions was not implemented and both calculation methods thus did not take into account aperture blockage. Pattern integration allows the aperture efficiency to be separated into a number of efficiency factors that are detailed below [22] .
• Spill-over efficiency. The power lost due to the part of the feed antenna radiation pattern that does not illuminate the reflector.
• Taper efficiency. The deviation of the feed antenna radiation pattern from a uniform amplitude distribution. Parts of the reflector that are not fully illuminated are under-utilized and cause the efficiency to drop. • Phase efficiency. The deviation of the feed antenna radiation pattern from an equiphase distribution and defocusing loss due to phase centre variation.
• Cross-polarization efficiency. The power lost due to unwanted cross-polarization incident on the reflector aperture.
• (body of revolution) efficiency. A measure of how closely the pattern conforms to a type pattern that only has first order azimuthal angular variation and can be seen to be a measure of the rotational symmetry of the pattern [18] . The good agreement that was obtained between measured and simulated patterns allowed the simulated radiation patterns to be used to calculate these efficiency factors.
Simulated results for a full pattern solid angle can be obtained easily using computational electromagnetics and as measured and simulated efficiencies (on the principal plane) have shown good agreement, can be used to accurately estimate efficiency factors for radiation patterns that are not strictly rotationally symmetric. The cross-polarization of the horn also has strong variations as a function of the azimuth angle which can easily be taking into account by using the full, simulated pattern-ensuring that cross-polarization efficiency is accurately estimated.
A prime focus reflector antenna with a half angle of 35 was found to give reasonably high efficiency over the band of interest. This half angle corresponds to an ratio of 0.793. A 12 m diameter reflector antenna would thus have a focal point located at 9.515 m from the reflector. The large ratio was required for high efficiency as the feed antenna has a very narrow beamwidth as it was designed for a shaped sub-reflector system and not a prime focus reflector. Such a large ratio might require a different reflector configuration to realize physically (with an effective focal length), for example a Cassegrain configuration. The prime focus reflector antenna configuration is shown in Fig. 11 .
The antenna was positioned by calculating the phase reference position that resulted in the highest average phase efficiency across the band, using simulated patterns.
The antenna was then positioned so that this phase reference position coincided with the focal point of the reflector. The taper efficiency of the antenna positioned in such a way was calculated both for simulated and measured results. The comparison is shown in Fig. 12 .
It can be seen that the results agree with each other very well, also shown is the result obtained when using the simulated pattern over a full solid angle.
The efficiency factors of the antenna when used as a feed for the 35 prime focus parabolic reflector antenna is shown in Fig. 13 . All four the efficiency factors as well as their product, the aperture efficiency is shown. The efficiency factors calculated from the simulated patterns are also compared to the aperture efficiency calculated using a hybrid method of moments (MoM)-physical optics (PO) approach to validate the calculation. This approach consists of solving the horn section of the problem using MoM and using these results to calculate the radiation patterns of the reflector-horn combination using PO. The MoM and PO solutions were decoupled.
The aperture efficiency was calculated from the maximum directivity obtained by simulating the feed and reflector antenna combination. It is seen that the aperture efficiencies obtained agrees very well with one another.
The antenna obtains reasonably high aperture efficiency up to approximately 3.5 GHz (larger than 50%) with the efficiency being more than 60% over a large part of the band. Beyond 3.5 GHz the efficiency drops off. The efficiency is in excess of 84% across the frequency band-some of the reduction in this efficiency is due to the different E-and H-plane phase centers. The spillover efficiency is low at the low frequency end (with an average ground temperature of 270 K the spillover noise temperature at 750 MHz and zenith pointing is 98 K) and a full dish design would have to take this into account to ensure low system noise temperatures-one method of dealing with excess spillover in an offset Gregorian feed system is using an extended or over-sized sub-reflector [23] .
The prime focus design is not optimal, although it served to illustrate achievable performance, is low due to the excess spillover noise ( varies between 0.55 and 0.9 m /K with 20 K additional receiver temperature). A full telescope design using this antenna would entail optimization of taking the reflector configuration into account.
VII. CONCLUSION
Radio astronomy reflector antennas require feeds that can give high efficiency and low spill-over over a broad bandwidth. This requires radiation patterns with a constant beamwidth and a sharp cut-off beyond the reflector edge. A quad-ridge horn antenna with elliptically shaped sidewalls was developed that proved capable of achieving these requirements reasonably successfully-although at the lowest frequency the spillover was somewhat high.
The quad-ridge horn antenna was modelled using Method of Moments. The antenna model was used to conduct a parametric study that identified parameters of the quad-ridge horn antenna that affected the radiation pattern and how these parameters could be manipulated to obtain radiation patterns more suited for radio astronomy reflector antenna feeds. A prototype antenna was designed using the results of the parametric study.
The performance of the prototype quad-ridge horn antenna with elliptically shaped sidewalls has been presented. Good agreement between measured and simulated results was obtained for the prototype. The antenna was well matched over a relative bandwidth larger than 4:1 (0.75 GHz to 3 GHz). Good radiation patterns that were reasonably constant and rotationally symmetrical were obtained. Analysis of the antenna with a reflector antenna, using both pattern integration with 3D simulated patterns and Physical Optics (PO) indicated that the antenna would be capable of achieving high aperture efficiencies (larger than 55%) over at least a 4:1 bandwidth.
